by this universally present water molecule is presumably activated through the abstraction of a proton by the His48. A formal mechanism for PLA2 catalysis has been advanced that is based on the stereochemistry described here (2) and in a parallel study on the inhibited bee-venom enzyme (7).
Hauser, I. Pascher, R. H. Pearson, S. Sundell, Biochim. Biophys. Acta 650, 21 (1981) . 10 . C. J. van (1989). 15 . Calcium ions are identified by the refinement assigning a compact density of 18 electrons to the site with a temperature factor consistent with those of the surrounding atoms. Attempts to assign a water molecule to the same density caused the refinement to simulate an even more compact higher density by imposing a physically unrealistic negative temperature factor. There is no way to confidently distinguish a calcium from the isoelectronic potassium ion by x-ray crystallography; however, no potassium salts were used in the preparation or purification of the proteins, diC8(2Ph)PE, or any of the crystalstabilizing supematant solutions. 16 . H. M. Verheij et al., Biochemistry 19, 743 (1980 taining residues involved in calcium binding and catalysis are conserved (3, 4) . Bee-venom PLA2, which is the principal allergen of bee venom, also differs from most other PLA2s in that it contains an asparaginelinked oligosaccharide whose effect on enzymatic activity and allergenicity is currently under study (5) . With the possible exception of its behavior toward aggregated substrates, the activity of the bee-venom enzyme is similar to that of other PLA2s (6) .
Crystal structures are available for representative Class I and Class II enzymes (7, 8) . We report the crystal structure of bee-venom PLA2 in a complex with a transitionstate analogue, diC8(2Ph)PE (Table 1 and Fig. 1 ). As expected, the conserved sequence segments of the bee-venom PLA2 preserve the functional substructures found in Class I/LI enzymes but are arranged within a different overall architecture (Fig. 2) . The interaction of the inhibitor with the beevenom enzyme shows how the rate-limiting formation of a putative tetrahedral intermediate is fostered by the enzyme's catalytic components and defines the mechanism by which the hydrophobic alkyl moieties of the phospholipid participate in productivemode binding.
In Fig. 3 the position of diC8(2Ph)PE is shown in relation to the Ca backbone of bee-venom PLA2. The interaction of the transition-state analogue with the catalytic residues is detailed in Fig. 4 A short-chain member of a class of strong PLA2 inhibitors studied by Gelb and co-workers (17) , in which a phosphonate replaces the sn-2 ester. This analogue was designed to emulate the transition state formed in the hydrolysis of 1,2-dioctanoylsn-3-phosphoethanolamine and is therefore designated as diC8(2Ph)PE. The conformation shown here is that seen in the complex formed with the PLA2 from bee venom as electron density from a (2F, -FL map (18) . Yellow ball: calcium ion. Table 1 . Multiple isomorphous replacement (MIR) of bee-venom PLA2 complexed with diC8(Ph)PE. Purified bee-venom PLA2 was purchased from Boehringer, exhaustively dialyzed against distilled water, and then lyophilized. Large (0.4 mm by 0.4 mm by 0.3 mm) single crystals suitable for diffraction work were obtained in 3 days by plating 20-,ul droplets containing 10 mg/ml protein, 0.1 M tris, 3 mM diC8(2Ph)PE, 10 mM CaCI2, 30% saturated NaCI, pH 7.6, onto depression slides in sealed boxes containing 10 ml of 60% saturated NaCI, 0.2 M tris, pH 7.6. The crystals were of space group I4122, a = b = 89.5 A, and c = 132.5 A, with one molecule in the asymmetric unit. Heavy-atom derivatives were prepared by conventional soaking techniques. Crystals were stabilized in 50% saturated NaCI, 0.1 M tris, 10 mM CaC2, 1 mM diC8(2Ph)PE, pH 7.2, with the appropriate concentration of heavy atoms. Typical soaking times were less than 1 day. The replacement of calcium ion with barium provided a derivative in which the position of the barium was easily found in a difference Patterson map. The resulting single isomorphous replacement phases were used to solve multiple-site derivatives. Heavy-atom binding sites and occupancies were refined with a modified version of the program PHARE (15) that (i) used anisotropic temperature factors to better resolve dosely spaced or clustered sites and (ii) reduced the bias contributed by a particular heavy atom to its own refinement. The final MIR map permitted tracing of the main chain and most side chains. Solvent flattening within iterative cycles of phase extension improved the map quality without appreciably changing the original interpretation (16 The confornation of bee-venom's calcium-binding loop is stikingly similar to that described for Class I/II enzymes and conserves the general calcium-binding sequence (X-Cys-Gly-X-Gly) found in all catalytically active PLA2s (Fig. 2) . GlylO Figure 3 shows the hydrophobic channel that encloses the roughly paralll alkane side chains of the sn-i and sn-2 substituents and extends approximately 9 A from the catalytic site (His34 Nb1) to its opening on the enzyme's surface just below the amino terminus. Arg57, which contributes its proximal methylene groups to the hydrophobic channel, forms a flexible wail that is locked into place by a hydrogen bond between the guanidino group and the sn-3 phosphate. The analogue's sn-2 substituent is sharply bent at the tetrahedral phosphonate in a manner reminiscent of crystalline phospholipids ( Fig. 1) (11) . However, unlike the crystal structures of phospholipids, the sn-3 phosphate and its amino alcohol do not fold back over the sn-2 esters but project away to form highly polar interactions. As the alkane side chains are well ordered, this channel then provides a high-resolution view of the interaction between the fatty-acid chains ofa phospholipid and a protein surface that is designed to face them. These interactions, as the gold side chain of the activc sitc His34. The calaum ion is represented by the ycllow sphere. In diC5(2Ph)PE, the P atoms ofthe sn-2 phosphonatc (P2) and sn-3 phosphate (P3) are magenta, 0 green, N cyan, and C red. The termini of the sn-I (RI) and sn-2 (R2) alkyl substituents are clipped offin this view. Arg57 compltes the hydrophobic channd by a stabilizing contact with the sn-3 phosphate. The nonbridging oxygen of the sn-3 phosphate that is coordinated by the principal calaum ion is also hydrogen bonded to N12 of the calcium-binding loop (bond not shown).
well as the calcium-ligation scheme are effectively identical to those seen in the crystal structure of the corresponding N. n. atra complex (12, 13 (14) .
When compared with its Class I/Il-relatives, the bee-venom crystal structure provides a clear indication ofthose components that are essential to PLA2 fiuction. In a companion artide, we interpret these findings in a unifying structural model for PLA2 catalysis (13) .
fectly conserved calcium-binding loop. The a-helical segment (residues 76 to 93) that replaces the fiuction of the anino-terminal heix has the opposite polarity and an altogether diffierent sequence. 21. We t L. Marz mRNA introns-all ofwhich splice through a series of transesterification reactions-may be evolutionarily related (5) . However, no trace could be found in contemporary bacteria of these once ubiquitous, primordial introns. Rather, the only prokaryotic introns were in tRNA and ribosomal RNA (rRNA) genes of archacbacteria. The splicing mechanism of these introns is entirely different, being catalyzed by protein enzymes that seem to recognize structural features ofthe precursor RNA, and is similar to that of introns of eukaryotic nuclear tRNA genes (6) . The discovery of group I self-splicing introns in bacteriophages of both Gramnegative and Gram-positive eubacteria (7, 8) did not resolve this controversy, because the origin and evolution of viruses are themselves unclear. A convincing argument has been made that the large, tailed, DNA phages are ancient, originating in the earliest eubacteria. However, viruses are genetic mosaics and any particular virus might be a relatively recent assemblage of genes from different sources (9) . Indeed, some introns (including two in phage T4) encode proteins that mobilize the transfer ofthe intron to "homing" sites in DNA (10) , providing further support for the spread of introns through horizontal gene transfer.
In considering a likely source ofintrons in contemporary eubacteria, we have been impressed by the abundance of introns in SCIENCE1 VOL. 250
